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INTRODUCTION

For new space ventures, powoer con-
tinues to be a pacing function for mission
planning and experiment endurance,
Although electrochemical power is a well
demonstrated space power technology,
current hardware limitations impact fu-
turce mission viability. In order to docu-
ment and augment clectrochemical wech-
nology, a scries of experiments for the
National Acronautics and  Space
Administration lewis Rescarch Center
(NASA LeRC) are underway at the los
Alamos National Laboratory that define
operational parameters on contemporary
proton exchange membrane (PEMY hard-
waie operating with hydrogen and oxyvgen
reactants. Because of the high efficiency
possible tor water clectrolysis, this
hardwire is also thought part of a see-
ondary battery design built around
stored reactants -- the so-called regon-
crative fuel celll An overview of stack
tesung at Los Alamos, and o analyses
relited to regencrative fuel cell systems
are provided in this paper.

Finally, this paper -leservibes work
looking AU innovative concepts that e
move complexity from stack Inwdware
with the specitie intent of higher svstem
teliabitity. This new concept olfers the
potental for unprecedented electrochem
e poawes svstem enetpy densitics,

STACK TEST PROGRAM

Although contemporary designs are
not space qualified, available PEM stacks
are being tested to ascertain the utility
of this fucel cell design for long werm
space power applications. Tests are con-
ducted that operate multi-kilowatt stacks
on hydrogen and oxygen. Lxperiments
are run that explore individual cell volt-
ages, the effects of reactant stoichiome:
try, thermal management, and water bal-
ances durine stack operation. To date,
two fucel cell stacks manufactured by
Ballard Power Svstems, Vancouver, R,
have been ovaluated: 1) a stack using
DuPont Nafion ™ 17 clectrolyte mem-
branes: and  2) a simular stack lormed
using  experimentadl polypertivorosul-
fonic acid polvmer membranes manukbae -
tured by Dow Chemical Company.

Fuel cell stack wsting requires the
establisbment of a safe and repulated test
cnvironment.  Under NASA sponsorship,
Los Alamos desipgned and fabricated two
test stations to obtadn reliable west data,
These test stations monitor inlet and
outlet parameters, and accomplish o tall
mass cdd enerpy balinee around the test,
One test station utillzes a passive load
bank to facilitate lomyg term, unattended
testing under rather continuous condi
tions.  The second utilizes a0 computer
controlled clectronic load that pernits
propgrammed load changes. Because the
abjective of thess tests is 1o provide data
on stack lite and performance decay



rates, long term tesling is necessary.
The tests are fully automaied with a
control computer that is able to diagnose
faults and, if necessary, lerminate a
particular test.

The test configuration is shown
schematically in Fig. 1. The experiment
is designed to measure reactant {lows,
product flows, current and voltage, and
heat tlows. The determination of water
production rates and locations helps in
the c¢valuation of candidate membrane
materials used to form PEM stacks.
Elecirochemical water production is fre-
quently used to supply makeup waier,
making this diagnostic measuremen? dif-
ficult. Water flows were partitioned in
the experimental design specifically o
determine stack water balances.
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Flectrochemical water production
occurs in the cathode comparument as the
result of two processes, hydrogen oxida-
tion and water generation as the result of
electro-osmosis (transport of waler {rom
the anode o cathode membrance faces as
the result of proton motion). Water
transport occurs through n otion of a hy-
drated proton, H(H20)p*. This type ot
transport is frequently termed “water
drag.” Water also moves from the wet
cathode 1o the anode through the mem-
brane controlled by membrane mass
transfer rates.

The model predicts that apprecia-
ble fractions of water can be produced in
the anodc compartment, depending on the
vilue selected for kg and n, where kg is a
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Fig. 1 Stack test schematic - recirculation of both 1 and 02 and condensation
ol product water allows full measorement of mass and enerpy tlows.

Stack_Performance Models, An
cnergy and mass balance computer
model has been developed, assondng
simple stack reactant and coollng flow
peometry, The partitfoning ol the
chemical hvdrogen energy into heat and
clectrical encrgy is modeled. This Tuel
cell stack code also includes implichy
termy tor membrane water tianspori,

Wilte'r nnasy tesfor coctficlent that con
tains hoth  diffusive and convedtive
termy, Jd nois the stoichiomety factor
that deseribes the average proton hvdia
tHon number. Model developuent is dis
cussed in Rets. 15, Addidonal diseus
sion, related o the data presented below,
vitn be found in Ret, 1,



Stack Test Results, Early ex-
periments showed relatively short stack
lifetimes. ‘The cause of failure was typi-
cally excess cross over, that is, excessive
leakage anode to cathode resulting from
one or more failed membranes. Ballard
worked to correct these failures and
suppiied a series of modified stacks with
improved membranes, clectrodes, gas-
kers, and seals. A variety of stack
clamping designs have been tested. Each
time a stack was refitted to solve & known
technical problem, the clock was set to
/ero and testing started on that new con-
lipuration. Initially failures occurred
near 200 hours: the last stack tested,
fitted with Nation membranes, obtained a
test duration of 1250 hours.

Likewise, ancillaries have also been
improved duting this test program.
itially recirculation pumps used a
metal bellows design  that typically
lasted less than 24 hours. A whole se-
ries of recirculation pumps for both hy-
drogen and oxygen have been evaluated,
and currently lifetimes in excess of 500
hours are predicted. The water circula-
tion pump, used for thermal control, also
row shows usctul, long lifetime.  These
stack tests will continue until the 5,000
hour continuous operating poal s
achieved,

To date, two improved 4 kW stacks
have been tested -- the Ballard Mark vV
“Nafion” and "Dow” stacks, The Nafion
stack tested has 46 single cells, using
praphite hipolar plates. Each cell has an
detive area of 232.3 em<€ (025 114y, The
higher performance of the Dow memprane
allows that stack to contain only <4 cells.
'he stacks are water cooled thiough the
use of integrated  cooling hardware.
Cooling witer also tlows through the
humididtication section that forms one
end of the stack,

Home representative data from those
tests can be tound o Fable 1 These data
woere obtuned operating the stacks at a
caomiant cuarrent ot 1S aaups resulting
o urrent density of 538 mA emd (Y00
Ay (), Under these condition  the

average ceil voltage for the Nafion stack
was 0.752 V and was U.799 V for the Dow
stack. The apparent clectrical efficiency
(electrical encrgy/HHV fuel energy) was
50.7% for the Nafion stack and 54.1% tor
the Dow stack.

Measurement ot voltage pertor-
mance under various load conditions with
time is straightforward and gave, in gen-
eral, expected results. The successtul
partition of chemical energy into electri-
cal energy and exhaust heat routinely
showed internal and external leak rates
were very low on the improved stacks,
Additional stack testing and performance
model details can be found in Refs. 1 and
6.

POWER SYSTEM DESIGN

The preceding sections described
Los Alamos activities tor NASA [eRC re-
lated 1o contemporary PEM fuel cell com-
ponents. The following sections describe
system analyses and conceptual design
work related 1o complete fuel cell power
systems.  The first section describes a
completed study of regenerative tuel cell
systems conligured with evolutionary
hardware.  The last sections present an
innovative concept tor PEM tuel cell con-
tiguration and power system integration
that offers the potential for both higher
veliability (through use ot fewer active
components and reduced complexity) and
unprecedented energy density in an
clectrochemical power system,

Regeperative Systems. los
Alamos has completed a technolopy as-
sesasment and trade ot study of tuel coll
and clecurolyzer technologies suitable
fot use in a regenerative tuel cell (REC)
svstem tor Project Pathlinder [Ret. 7 see
Also Rets, 8 10,0 The nujor companents
ol an REC syastem can be seenoan Fip.
The technolopy assessient provides the
hasis (or selecting the most pronusing,
candidate tuel cell and clectiolyvzet
technologies tor the Pathtinder REC en
crgy storage system,  Fhe trade ot stuady
idetinfios the peneral chatacteristes ol
25 RW, O000 I ecnerygy storagie sy stem
utilizing the lael cell and elecirolv e



technologies identified in the technology
assessment phase. The resulting system
incorporates PEM, metal-hardware fuel
cell stacks, PEM electrolysis stacks, and
compressed-gas reactant storage in fila-
ment-wound, lined-composite, high-per-
formance tanks.

ment and system integration, there would
be no difference beiween the space and
terrestrial components. Total system
considerations would also be very simi-
lar. Only later would development ef-
forts become application specific.

TABLE1 Energy Balances and Water Balances from Operating PEM Fuel Cell Stacks

IEnergy Balance
Membrane | Fuel Flow | Reject Heat | Stack Heat | Anode Heat] Cathode Flectrical
_Tvpe Loss Heat Loss Energy
Nafion 8532w 3581w 165W 284w 4327W
(HHV)
Dow 7395W 3006w 187W 287W 3997w
{HHV)
Water Balance
Membrane Water In Product Water Anode Water Cathode Water
Type (“makeup”) (from H7 flow) Flow Flow
Nation 252 p/h 1,935 n/h 181 ¢/h 2,027 g/h
Doy 345 g/h 1,674 ¢-'h 453 g/h 1,633 p/h
_ Simple,  Modular _PEM
l‘-,nvrp.y Systems. A space power system re-
Source quires a weight- and volume-constrained,
Reactant rellable and rugged power supply. Some
Storag T applications have the benefit of low
O% (oneron co e o gravity (for example, on the lunar sur-
Heat Rejection face), but other applications must func-
o tion in the mdcrogravity of space.

f.oad
Chemical ©  Electro- Llecthical
Bus chemical Bus
Components

Fip. 2 Major components of a
regencrative fuel cell (REC)
systen.

During program deliberations, it
became dapparent that some tereestrial
applications could profitably use an RIC
systen. e the fndtdal stages of develop

Demonstrated contemporary electrochems-
lcal  systems  are  quite complex
(especially in ancillary  components
contrasted to electrochemical compo-
nents), making the high rellability re-
quirements of future space missions
quite challenging, However, new designs
offer the potental 1o eliminate heavy
bipolar plates and greatly simplity stack
thermal management, thereby reducing
system complexity. Moreover, such de-
signs can, in concept, handle freceze thaw
cycles with littde problem.

Glven the basie concept of a proton
exclhange membrane (PEM) fael cell op



erating on hydrogen, we have developed a
concept!l that has the potental for ex-
hibiting the necessary and desirable
characteristics [Refs. 11 and 12].
Modularity permits both flexibility in
mission planning and increasing overall
rcliability.  Appropriate power system
designs tend to integrate into human
habitat modules, simplifying heat man-
agement in space environments.

The selection of compressed I.vdro-
gen storage in a composite pressure ves-
sel presents the sysiem designer with a
sizable cylindriral section. In consider-
ing ways to optimize the packaging of an
cntire power system, a concept was de-
veloped that wraps the PEM fuel cell
components around the exterior of the
hydrogen tank. In this concept, the nec-
vssary flow fields, anode, membrane, and
cathode are assembled in an annular
configuration.  This configuration is
modular, und uscful voltages can be ob-
tained by clectrically connecting the an-
ode and cathode of adjacent modules in
serics.  An cefficient solid-state DC-DC
converter raises the “stack” voltage o
the desired system output voltage.
Higher system powers can be obtained by
incorporating additional annular PEM
wodules,

An indlvidual module consists of
Gan annular arrangement of PEM tuel cell
components.  From the inside out there
dare successive layers performing the
function of the porous clectrocatalytic
anode, the proton exchange membrane,
and the porous electrocatalytic cathode,
Iressurized oxygen is recirculated over
the exterior of the cathode providing the
oxidant, Hydrogen is fed from the stor-
ape tank through a pressure regulator to
A plenum feeding the anode How tield.

I'he fuel cell stack is assembled on
the exterior of the hydrogen storage tank,
which completely supporty the annalar

I Work performed tor the HUs Arnny's
Belvolr Research, Dovelopment, and
Fapineering Center, Fort Belvaoir, VA,

fuel cell modules. As a result, the fuel
cell components can be very thin, provid-
ing high pertormance, low weight, and
easc of heat removal. System start-up
can be rapid because the low mass of the
cell allows the membrane and catalysts to
rapidly attain the optimum operating
temperature. The gas-diffusion portion
of the electrodes is constructed from
carbon felt embedded, if necessary, with
a wire-screer. conductor. An optimized
membrane fabricated with integral thin-
film catalyst layers is hot-pressed be-
tween the carbon felt electrodes to com-
plete the cell. No clamping forces or as-
sociated hardware are required. Woe en-
vision fabrication of two carbon-felt
clectrode sections on a continuous vlece-
trical conductor, where one vclectrode
section becomes the anode of the
“tipstream” cell and the next electrode
section becomes the cathode of the
“downstream” ccell. The continuous con-
ductor clectrically connects the anode
and cathode of adjacent modules. (The
transition must also maintain anode-to-
anode and cathode-to-cathode electrical
separation, continuity of the anode hy-
drogen tlow field, and scparation ot the
anode and cathode gas tlows.) The inter-
connection concept can be see in Fig. 3.

Hydrogen Oxypen
Flow Fow
Field Field
vi v i\ Gashet
Laver

Cell Stacking Scheme

Fip. 3 Concept for interconnection
of modular annular tuel
cells,

Fhe compaosite tank o wrapped with
A non conducting Javer to prevent elee



trical connection between the individual
module anodes. This layer is fabricated
from a low-density, high-porosity, open-
cell polymer that acts as the anode flow
licld. An additional layer of the same
material covers the exterior ot the stack
assembly, mechanically protecting the
annular modules and preventing any ex-
terior contact Irom shorting cathode-to-
cathode, while allowing the free fluw of
oxygen, product water, and excess heat
through the interconnectied porosity.

The recirculating cathode oxygen
flow serves to remove heat caused by fuel
cell inefficiencies from the stack and to
sweep product water from the system,
Subsequent heat exchange from the recir-
culating cathode flow will condense the
product water vapor to liquid where it
can be collected and dirained to the elee-
trolyzer water source. (In the absence of
gravity, centrifugal separation of the
liquid water will be required.)

A close-fitting shroud encloses the
system. This shroud channels the cath-
ode [low, suports those components not
directly mounted on the wank, and pro-
vides the pressure b wundary for the fuel
cell system. Some fraction of the waste
heat will dissipate through the shroud.
Ribs on the inside of the shroud contact
and retain the porons layer covering the
cathode, The use of composite material
for the shroud could provide exceptional
stiffness and strength with litile weight
impact.

A connecting boss on the upper end
ol the composite storage tank feeds the
hydrogen pressure regulator. The porous
annular anode tlow fleld Is connected 10
the pressurce-regulated hydrogen supply
by a plenume Experimental results sap:
pest that hydrogen humidification is not
tequired i cell current densities e
hept below about SO0 mA/cm2. A con-
necting boss on the bottom of the tank lo
cates asafety vadve and a valved Ll port
tor rvetueling from the electtalvzer,
Recause water will slowly accumulate in
the dead-end anode flow field, & periodic
purge ol a “sump” Iy required, with a
corresponding valve and control cireait.

Safely considerations are expected
to require the incorporation of hydrogen
leak sensing and automatic shut-off of
the high-pressure gas supply. lydrogen
sensors can be relatively simple and ro-
bust, consisting of a catalyst to enhance
hydrogen oxidation and a thermocouple
to sense that the exothermic reaction is
occurring. This function doc¢s not signif-
icantly complicate the microprocessor
control system.

Figure 4 displays the annular
module PEM H2-02 fuel cell concept.
When integrated with an electrolyzer, the
resulting configuration forms the re-
versible cnergy storage/generation por-
tion of a regencerative power system.

; » Syste To illustrate the
concept, we have performed some scoping
calculations on a 5-kW, 20,000 W-h
systemn.  To increase the power density,
we have extended the design concept
{described above and in Refs. 11 and 12)
by “folding” the PEM membrane and clec-
trode assemblies into two concentric
cylinders. lere, one mono-layer of cells
covers the hydrogen tank surface (as
above), but then “crosses over” and folds
back on itsclf with a continued mono-
layer of cells lining the inside of the
shroud/pressure boundary. The ianer
and outer PEM cells are auranged so that
the cathodes tace a common oxygen flow
field.

For reactant storage at 3,000 psi,
the resulting configuration has a shroud
outer diameter of approximately 36.3 ¢cm
(14.3 in) and an overall length of about
133 cm (52.3 in). The corresponding
oxveen tink has an outer diameter of
254 cm (10 in) and an overall length of
KB em (35 in). The caleulated weight of
the tanks, reactants, fuel cell stack,
shroud/pressure boandany and ducting
is 28.7 kg (634.2 Ib). Higher hvdropgen
storage pressure will decrease volume,
but have little impact on overall weight,
Including o rough estimate tor the welght
of those necessy components not in-
cluded above, it appears that a primary
(but 1ctuelable) “battery” of this design
could have an energy density (excluding



the heat rejection components) exceeding
500 W-h/kg (227 W-h/lb). Higher stored
cnergy will increase the energy density,
with the system energy density ap-
proaching that of the reactant storage
subsystem. Figure 5 displays a cross-
section through the example fuel cell
module.

Hydrogen
Storage

Oxygen
Supply

Direct radiators are large, therefore, and
conscquently heavy. In an application
where living or equipment space must he
conditioned, however, use of this “waste”
energy for heating, with subsequent re-
jection of excess hcat from the larger
surface of the conditioned volume, may
prove attractive.
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Fig. 4 Simple modular system concept using annular PEM fuel cells.
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Fig. 5 UHorizontal cross-section
through example fuel cell
system showing reliive
dimensions.

Heat vejection is a challenge fon
this technology because the optimum op-
criting temperature of the fuel cell com
ponents is no more than about 90°C,

The concept and example above require
additional functions and coraponents to
complete a regenerative system  (see
Fig. 2 and Ref. 7).  [Electrolysis could
proceed at the reactant storage pressure
in a separate electrochemical component,
with a water ,ump raising the water from
the storage reservoir to the clectrolyzer
pressure, Alternately, clectrolysis
could occur in a reversible fuel-
cell/elecarolyzer at the low tuel-cell op-
criating pressure, with the product reac-
tants subsequendy pumped up to the re-
quired storage pressure. Each approach
involves challenges with high pressure
pumps and interfaces. Additional design
waork and trade-off siudies are required
to optimize the overdall system in tenms ol
rellability, weight, and volume,

concept sunuugy, I summary, the
series-integrated annular module PEM
12 0y repencrative fuel cell system



consists of the
components:

following major

e A fuel cell subsystem consisting
of several annular PEM modules,
the anode and cathode flow-field
layvers, the anode feed plenum,
and gasketing;

* A hydrogen delivery system con-
sisting of a high-performance
graphite-composite reinforced
compressed-gas storage tank with
a shut-olf valve, pressure regu-
lation, a safety valve, a valved fill
port, and an anode-flow-field
purge valve;

® An oxygen delivery system con-
sistiag of a high-performance
graphite-composite reinforced
compressed-pas storage tank with
a shut-off valve, pressure regu-
lation, a safety valve, a valved fill
port, a humidifier, a recircula-
tion fan, a heat exchanger with
provision for product water col-
lection, and a shroud/pressure
boundary;

® An clectrolyzer system consist-
ing of a high-pressure clec-
trolyzer with necessary pumps,
valving, walter storage, and photo-
voluic array;

e An clectronic package containing
DC-DC power conditioning, sen-
sors, and controls:

* Mcchanical supports; and

e A heat rejection radiator or con-
nection with an integrated ther-
nul management system (for ex-
ampie, providing cabin heat),

We believe that the development ol
the annular modutar contiguration de
seribed above could lead 1o system tat
exhibits the necessiay and  desirable
characteristies for application 1o a4 vanij
ety of space or planctary missions,  T'his
saune technology would cerainly have

broad uses in both the civilian and mils-
tary sectors.

FUTURE WORK

As part of the ongoing effort, the
Los Alamos National laboratory will us-
sist the NASA lewis Research Center w
conducting an electrochemical cell test
program (0 provide critical life, relia-
bility, and performance data currently
lacking in the daia base of FEM fuel colls
and water clectrolyzers. Los Alamos will
provide technical support for fuel cell
programs managed by NASA LeRC at the
discretion of the NASA program manager.
lLos Alamos will also continue to develop,
in collaboration with NASA, the single
cell stand that was delivered 10 NASA
LeRC during Fiscal Year 1992,
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